The connections between forest products operations and water resources in the United States is considered and, where possible, quantified. Manufacture of wood, pulp, and paper products and the influences of forest management and forest products manufacture on water quality are discussed. Most fresh water in the US originates in forested areas. Responsible harvesting strategies, best management practices, and forest re-growth combine to minimize or eliminate changes in water availability and degradation of water quality due to harvesting. Relative to alternative land uses and large-scale disturbance events, forested areas produce the highest quality of fresh water. Water inputs for the manufacture of forest products total about 5.8 billion m 3 per year, an amount equal about 0.4% of the surface and groundwater yield from
INTRODUCTION
Public and political discourse concerning the appropriate use and management of water resources has become increasingly common. The US forest products industry's manufacturing operations are among the largest industrial water users and thus figure prominently in local and regional discussions concerning water resources. The aim of this paper is to describe the water profile of the US forest products industry in a holistic fashion so that the influence of forest products company activities on water resources can be better understood from a quantitative and qualitative standpoint.
Activities of the forest products industry that have potentially important effects on water resources include the maintenance and procurement of wood inventory in forests and the manufacture of wood, pulp, and paper products. Accordingly, parts of this paper are devoted to the quantitative and qualitative impacts of forest management and wood, pulp, and paper manufacturing on water resources. Separate parts are devoted to the quality of water emanating from managed forest lands and treated effluents from manufacturing operations. The latter section describes effluent quality trends in recent years and reviews extensive research on the potential for treated effluent discharges to affect the structure of aquatic communities.
Figure 1 depicts aspects of the forest products industry that may affect water resources. The industry is reliant on land that is held in forest and thus acts to ensure the maintenance of productive forest lands. Protection and maintenance of forest land also serves to sustain the attributes of the land as an important component of the however, can alter the forest water balance by changing interception, evapotranspiration, and infiltration. These changes can affect how water leaves the forest (as vapor due to evapotranspiration, as groundwater recharge, or as streamflow), but not the total amount of water entering or leaving the forest. Possible changes in water quality are as important as any potential changes in the quantity and timing of streamflow from forests due to management.
Contemporary forest practices using best management practices (BMPs) or forest practices act rules (state regulations designed to ensure reforestation and protection of environmental values including water quality and fish habitat) have dramatically reduced water quality impacts compared to historic practices (Ice 2004) .
The total volume of fresh water withdrawn in the US is dominated by irrigation, thermoelectric power generation (mostly cooling water), and public water supply. Industrial fresh water use ranks below those uses (Hutson et al. 2004) .
The forest products industry is among the larger users of fresh water within the industrial category, although (unlike some other industrial water users) the majority of water used is returned to surface waters (NCASI 2008) . Over the last several decades, pulp and paper mills have greatly improved water reuse and conservation efforts such that the amount of water used for raw material processing has decreased by more than 50% since the mid-1970s. Primary water inputs to forest products manufacturing operations are from surface or groundwater supplies. Additional water enters the process with wood, recovered fiber, and non-fiber inputs. Water exports include treated wastewater, water used for process cooling, water vapor emitted to the atmosphere, water contained in finished products, and water leaving the process with solid residuals, including wastewater residuals.
The quality of treated liquid effluents and their potential to affect aquatic communities in receiving waters is a primary component of environmental stewardship programs. This paper provides an overview of scientific research on the degree to which treated effluents are compatible with receiving waters. Compatibility is considered in terms of laboratory bioassays and effects on aquatic communities. 
WATER PROFILE FOR FORESTS AND FOREST MANAGEMENT
Almost two-thirds of fresh water runoff in the United States originates from forested watersheds (Stein et al. 2005) , even though forests cover only one-third of the nation. Forests are typically adapted to regions with higher precipitation than other natural cover types. In a letter to the New York Times, former Chief of the Forest Service Mike Dombeck wrote that "…water is perhaps the most important forest product" (Dombeck 2003) .
In the contiguous US 252 million hectares, or about 33% of the total land area, is forested (USDA 2007).
Timberland is a subset of forest land that produces wood Decay of roots and other processes create macropores in the soil, causing subsurface delivery of water to channels. It can also be asserted that current forest management impacts are generally much "lighter" than those of other land uses, causing less hydrologic modification to watersheds. For example, urban watersheds are extensively "plumbed" with large proportions of impermeable surfaces and extensive networks of stormwater drains. This plumbing causes increases in both amount and rate of runoff from the watershed.
Overall, the following can be said concerning the quantity of runoff and resultant streamflows from managed forests: † Timber harvesting generally reduces interception loss and evapotranspiration, making more water available for (Ice & Stednick 2004) . † If forest soils and the forest floor are not severely disturbed, water will move rapidly into the soil and not leave as direct overland runoff (Ice & Stednick 2004) . † While more water is generally available after timber harvesting, it may occur when water is already plentiful in forest streams (Harr et al. 1979) . † Maximum increases in streamflow are constrained by other environmental considerations, such as water quality protection and limits on the amount of a forest watershed in recently cut-over condition at any one time (Ziemer 1987) . † Compared to other land uses, forests are best for managing peak flows, especially if roads and skid trails, over-grazing by cattle, severe fires, and widespread dieback due to insects or diseases are properly managed and controlled (Anderson et al. 1976 ).
Influences of forest management on water quality
Possible changes in water quality may be as important as any potential changes in the quantity and timing of runoff from forests due to management. The greatest potential for changes in sediment in streams occurs where forest lands are susceptible to landslides (NCASI 1985) 
WATER PROFILE FOR MANUFACTURING OPERATIONS
The quantity of water used for manufacturing pulp, paper, and wood products in the US was estimated by generating independent estimates of each water import and export vector for each operating facility wherever possible. In 
EFFLUENT QUALITY AND EFFECTS ON THE ECOLOGY OF SURFACE WATERS
Sedimentation and biological treatment of forest products industry wastewaters dates back many decades but became widespread in the 1970s following development of US federal guidelines for effluent quality. Since that time the (Dubé et al. 1997) . The only instream periphyton-effluent study conducted at multiple Surface water (I) Calculated based on effluent flow, consumptive losses, and fraction of total water withdrawn from surface waters Groundwater (I) Calculated based on effluent flow, consumptive losses, and fraction of total water withdrawn from groundwater
Water in wood (I) Calculated using average moisture content of wood (50%, wet mass basis) and pulp yield for each pulping process
Non-fiber raw material (I) Based on water in primary purchased chemicals and estimated usage by each pulping/papermaking process Recovered fiber (I) Calculated using paper recovery rate (56% of paper consumed) and moisture content of 10% (wet mass basis)
Surface water (E) Measured at each facility
Groundwater (E) Essentially zero
Evaporation (E) Based on coefficients for each production process (NCASI 2008)
Products (E) Calculated from production and average moisture level (10% for pulp/paper; product-specific for wood products)
Residuals (E) Calculated from survey data on waste generation rates and typical moisture levels for each waste sites over multiple seasons and years was the LTRWS, where an effluent-chl a relationship was seen in two of four streams and varied with season, but was probably due to factors other than effluent discharge (Flinders et al. 2009a) .
Macroinvertebrate exposure to mill effluents (1 to 10% v/v) in artificial streams and mesocosms can result in increased growth rates (Lowell et al. 1996) , higher density and biomass (Dubé & Culp 1996; Culp et al. 2003) , and shifts in community structure (Culp et al. 2003) . Study findings from natural streams were variable. Felder et al.
(1998) found no significant changes in macroinvertebrate community structure, abundance, or diversity measures at sites downstream of an unbleached kraft mill relative to an upstream site. Other instream studies showed changes in community structure (Rakocinski et al. 1996) and invertebrate density and biomass (Dubé et al. 1997 ) downstream of mill discharges relative to upstream sites. These responses have been attributed to increased nutrient concentrations and primary production (Lowell et al. 1996; Culp et al. 2003) , although increased macroinvertebrate biomass is not always reflected in primary productivity (Dubé & Culp 1996) . Macroinvertebrate data collected during the LTRWS between 1998 and 2006 showed differences in community structure across sites, but no changes downstream of forest products industry discharges relative to upstream sites (Flinders et al. 2009b) . Seasonal and annual variations in macroinvertebrate metric responses (e.g. taxa richness)
were seen in all streams, with changes related to the discharge of forest products industry effluents seen in only one metric (Hilsenhoff's Biotic Index) in one stream. Of the water used to produce forest products, about 95% is from surface or groundwater sources. Approximately 88% is returned directly to surface waters following treatment; about 11% is converted to water vapor in pulp, paper, and wood products manufacturing processes; and about 1% is imparted to products or solid residuals.
Effluent quality and ecological impact
Treated effluents from pulp and paper manufacture are typically discharged to surface waters. The quality of effluents and their compatibility with these receiving waters have been studied extensively and continue to be monitored. All effluents in the US are variously assayed for toxic effects, and site-specific regulations are in place to manage bioassay outcomes that may suggest the presence of substances toxic to aquatic life. Life cycle testing of aquatic organisms exposed to treated pulp and paper effluents sometimes shows effects on organism growth or reproductive capacity. In nearly all cases, such effects occur at effluent concentrations that are much higher than typically seen in actual receiving waters. NCASI studies of waters receiving pulp and paper mill effluents show few or no impacts on algal, benthic invertebrate, and fish communities due to effluents. These studies are the most comprehensive in terms of scope and duration ever undertaken in the forest products industry, and thus provide considerable evidence of the compatibility of treated pulp and paper effluents with the aquatic environment.
